this interaction retain the ability to respond to phorbol Filardo and Cheresh, 1994; Kassner and Hemler, 1993;  ester stimulation in a more physiological setting, however, suggesting that other residues may mediate the O'Toole et al., 1991, 1994) and ␤ chains participate in contributions of temporally regulated ␤2 integrin adhesiveness (Hibbs et al., 1991) .
Of the important topics that remain to be addressed, the characterization of the cellular components required for activation-dependent changes in integrin-mediated adhesiveness is of particular interest. In this study, we report functional and biochemical analyses of an intracellular protein, cytohesin-1, which appears to be a regulatory factor for the ␣L␤2 integrin. Cytohesin-1 interacts in yeast with the ␤2 cytoplasmic domain. Furthermore, cytohesin-1 can be coprecipitated with CD18 from Jurkat (human T cell leukemia) cells, and it specifically binds in vitro to a peptide corresponding to the cytoplasmic domain of the ␤2 chain. Overexpression of cytohesin-1 in a T cell leukemia cell line results in constitutive activation of ␣L␤2, and the same phenotype can be observed following overexpression of an isolated subdomain of cytohesin-1 that is homologous to the yeast SEC7 gene product. Overexpression of another subdomain of cytohesin-1 that is a member of the pleckstrin homology (PH) domain family results in a specific inhibition of ␣L␤2-mediated adhesion to ICAM-1.
Results

Molecular Cloning of CD18 Interactors
To identify polypeptides that interact with the ␤2 cytoplasmic domain, we made use of a genetic selection based on protein-protein interactions in yeast (Gyuris et al., 1993) . A translational fusion cDNA library from Jurkat cells was introduced into a yeast strain expressing a chimeric protein consisting of the complete cyto- Although the three-dimensional structures of some PH similar to B2-1 (88% identical and 9% conserved substitutions at the amino acid level; Figure 1B) (Liu and Pohajdak, 1992 ; data shown below), relatively from several tissues revealed a relatively complex hybridization pattern for both cDNAs. Transcripts of 2.1 short region of similarity with SEC7, and effect on cell adhesion (data shown below) argue that it is a cytokb, 4.4 kb, or 9.7 kb in length were detected when a B2-1 (cytohesin-1) probe was used under stringent hyplasmic mediator of leukocyte integrin affinity that happens to share a protein motif with the SEC7 gene. In bridization conditions (Figure 2A) . Interestingly, the 2.1 kb mRNA that hybridized to the B2-1 probe appeared what follows, we will refer to the protein product of B2-1 as cytohesin-1 (Figure 1) . to be highly enriched in spleen or thymus cells ( Figure  2A , lanes 7 and 8), while the longer transcripts were Cytohesin-1 contains two distinct polypeptide motifs found in previously described proteins ( Figure 1A) . The likewise abundantly although not exclusively present in tissues of hematopoietic origin. larger of these is the central SEC7 domain, which comprises roughly 200 amino acids and has been detected A 2.1 kb transcript that hybridized to cts18.1, on the Because it is often the case that isolated subdomains of a modular protein can exert an inhibitory effect on signal transduction in vivo, we examined the effects of expression of fusion proteins bearing the isolated PH and SEC7 domains ( Figure 4B ). In this set of experiments, the immunoglobulin fusion proteins were used exclusively, because transient expression levels of cytohesin-1 constructs in different cells samples could be quantitatively compared by flow cytometric detection of the common immunoglobulin portions (see Figure  3C ). We found that expression of the PH domain of cytohesin-1 consistently blocked the adhesion of stimulated Jurkat cells to ICAM-1-Rg, whereas the expression of the SEC7 domain resulted in a constitutive binding of Jurkat cells to ICAM-1-Rg ( Figure 4B ).
Because inside-out signaling is thought to affect the structure and function of integrins and not the number of expressed molecules, regulatory components that act at the level of the integrins are not expected to have any effects on the density of integrin surface expression. As shown in Figure 4C , the surface expression of ␤2 integrins in Jurkat cells remained unaltered by the introduction of vaccinia-derived cytohesin-1 or subdomain fusion proteins into these cells.
Further experiments were conducted to investigate the specificity of cytohesin-1 and subdomain effects on ␤2 integrin function. The ␣4␤1 (VLA-4) molecule of the ␤1 integrin subfamily is known to bind to its ligand VCAM-1 on activated endothelial cells (Osborn et al., 1989 ). We used a secreted VCAM-1 immunoglobulin fusion protein (VCAM-1-Rg; Figure 5 ) to examine the effects of cytohesin-1 expression on ␣4␤1 function in Jurkat cells. Jurkat cells were found to bind constitutively to the invariably and abundantly present in lymphoid cells that contained readily detectable levels (data not shown) of Biochemical Characterization of the Cytohesin-1 Interaction with CD18 ␣L␤2 integrin, e.g., Jurkat, Hut78, U266, or peripheral blood lymphocytes. Interestingly, cytohesin-1 protein We performed biochemical analyses to investigate the interaction between cytohesin-1 and CD18 in greater expression appeared to be reduced in certain cell lines of erythromyeloid or myeloid origin, e.g., K562 or U937. detail. Cytohesin-1 was inserted into a prokaryotic expression vector that provided an amino-terminal polyWe consequently used the anticytohesin-1 antibody in coimmunoprecipitation experiments with CD18. Antihistidin tag. This construct was expressed in Escherichia coli, and a polyclonal antiserum against purified histagcytohesin-1 immunoprecipitates from detergent lysates of Jurkat cells were generated, and the resulting material cytohesin-1 was generated in rabbits. To obtain a monospecific anti-cytohesin-1 antibody, the IgG fraction of was subjected to Western blot analysis. We observed that CD18 could reproducibly be coprecipitated from that serum was affinity-purified on Sepharose columns that had been covalently derivatized with recombinant these cells by the anticytohesin-1 antibody ( Figure 7A , lane 4) but not by control agent ( Figure 7A, lane 3) . Most cytohesin-1 (data not shown). The resulting monospecific anti-cytohesin-1 antibody was employed in immusignificantly, no reactivity was observed when anticytohesin-1 immunoprecipitates were probed with an antinoprecipitation studies with several hematopoietic or nonhematopoietic cell lines. Western blot analysis re-CD29 (␤1 integrin subunit) antibody ( Figure 7B, lane 4) . These data demonstrate that cytohesin-1 and CD18 asvealed that the antibody specifically precipitated a cellular protein of circa 47 kDa ( Figure 7E) Figure 7C, lane 5) , whereas no interaction was detected with either CD29cyt-Sepharose, a mixture of unrelated control peptides, or Sepharose beads alone ( Figure 7C,  lanes 2-4) . These data suggest a direct and specific molecular interaction between CD18 and cytohesin-1.
To evaluate the affinity of cytohesin-1 for the cytoplasmic domain of CD18, quantitative binding assays were performed. Figure 7D shows that binding of cytohesin-1 to CD18cyt-Sepharose was saturable with a half-maximal association at a concentration of circa 2.5 M histag-cytohesin-1, whereas only insignificant and unsaturable binding to CD29cyt-Sepharose at very high protein concentrations was observed. Furthermore, histag versions of the CD18 or the CD29 cytoplasmic domains were also expressed in E. coli, and binding of a glutathione S-transferase fusion protein of cytohesin-1 to these recombinant proteins was assayed (data not shown). The results obtained were very similar to the ones described above. Half-maximal binding of glutathione S-transferase-cytohesin-1 to histag-CD18 was achieved at a concentration of 5 M glutathione S-transferase-cytohesin-1, whereas no binding to histag-CD29 was detected.
Specificity of Cytohesin-1 and Subdomain Interactions in Yeast
To define better the site of interaction between the CD18 cytoplasmic domain and cytohesin-1, we created yeast expression constructs bearing the isolated PH and SEC7 domains and tested their interaction with the CD18 cyto- these molecules could be detected, demonstrating that thus lead to receptor aggregation. The model implies a relatively complex combination of inside-out and outthe association of cytohesin-1 with the ␤2 integrin subunit is highly specific. These results are fully consistent side-in signaling events in order to achieve a fully adhesive phenotype of integrins. Since the evidence for funcwith the data described above: the ␤1 integrin ( 
